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A unique supramolecular helix assisted by water tetramers is
obtained by static evaporation of aqueous solution of a zwitterionic
salt, 1,10-bis(4-carboxylatebenzyl)-4,40-bipyridinium; spontaneous
chiral symmetry breaking occurs in crystallization; interestingly,
redox chromism behavior of crystals upon exposure to alcohol
atmosphere has been observed.
Chirality is an essential element of life, and plays key roles in
functional materials for applications in optical devices,
sensors, enantioselective separation and catalysts.1 Great
efforts have been made to construct chiral molecular assem-
blies assisted by means of metal–ligand coordination interac-
tions or other intermolecular non-covalent forces.2 Especially,
hydrogen bonding is of special interest in this regard due to the
strength, directionality, and specificity of the interaction, as
well as its biological relevance.3 Besides enantioselective syn-
thesis using enantiopure chiral species, which is generally
tedious and expensive, one appealing approach towards chiral
systems is based on the use of achiral precursors under
spontaneous resolution.4 However, when assembling compo-
nents are intrinsically achiral, right-handed and left-handed
isomers usually condense as a racemate which contains equal
amounts of both enantiomers, or spontaneous resolution into
enantiomers (so-called conglomerates) occurs and the pro-
ducts are normally a racemic mixture of chiral crystals,
although each crystal is a single enantiomer.5 Challenges
remain in achieving homochirality or enantiomeric excess
(ee) from an achiral or a racemic state through a chiral
symmetry breaking transition. It is very important to under-
stand the mutual recognition that exists between the achiral
assembling components for the ultimate goal of controlling
spontaneous resolution in crystals.5a In this paper, we report
the formation of a hydrated homochiral helix from an
achiral zwitterionic viologen, 1,10-bis(4-carboxylatebenzyl)-
4,40-bipyridinium (Bpybc) based on ‘‘locked’’ chirality
through non-covalent forces. Two types of hydrogen bonding
interactions, O–H  O and C–H  O, are responsible for
the helix formation and intracrystal chirality preservation,
respectively. Different from some elegant examples that may
achieve asymmetric amplification upon external stimuli, such as
stirred crystallization,6 chemical manipulation of statistical fluc-
tuation in crystallization,7 or an abrasion/grinding technique,8
spontaneous chiral symmetry breaking of the title compound
occurs during static solvent evaporation without any chiral auxi-
liary component. Interestingly, due to the inherent redox activity
of viologens,9 the crystalline solids could undergo significant color
change from colorless to blue due to reduction in methanol or
ethanol vapor, enabling visual detection of alcohol molecules.
Colorless crystals of Bpybc5H2O for X-ray diffraction
study were obtained from aqueous solution by slow
evaporation.z The structure analysis reveals the formation of
a hydrated supramolecular helix. The Bpybc undergoes con-
glomerate crystallization and the crystal chosen for X-ray
analysis belongs to the chiral trigonal space group P3221 (or
its enantiomorph P3121). The asymmetric unit (Fig. S1, ESIw)
contains one half of a Bpybc molecule and two and half water
molecules. Each Bpybc adopts a twisted conformation with C2
symmetry (Fig. 1(a)) in which the C1–C8–C8#A–C1#A
torsion angle is 84.31. A careful examination of lattice water
molecules reveals the formation of water tetramers by O1W,
O2W and their symmetry related water molecules O1W#B and
O2W#B, where the distances of O1W  O2W,
O1W  O1W#B and O2W  O2W#B are 2.935(4), 2.811(6)
and 2.817(6) Å respectively. The coordination environment of
lattice water molecules is shown in Fig. 1(b). Each O1W and
O2W in the tetramers are hydrogen-bonded to carboxylate
oxygen atoms O1 and O2, respectively, and each O3W to two
carboxylate oxygen atoms O1 from two different Bpybc
molecules. The most remarkable structural feature is that
these twisted organic molecules are hydrogen-bonded together
by lattice water molecules to form a single left-handed
(or right-handed) hydrated helix running along the crystallo-
graphic c axis (Fig. 1(c)). The helix, with a pitch of 22.674 Å
winding around the threefold screw axis, has a C2 axis which
accommodates symmetry of the molecules.
Some water-mediated supramolecular helical architectures
have been reported in which water molecules are intervened
between two consecutive organic molecules.10 However, the
helix described here is quite different for it can be viewed as a
helical supramolecular host with aqua pores anchoring helical
water chains which comprise alternate single water molecules
and tetrameric water clusters. The helical arrangement of Bpybc
molecules results in channels oriented along the crystallographic
c axis (Fig. 1(d), (e)). Due to this packing arrangement, all the
carboxylate groups point towards the inner wall of the channels
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and thus make the channels remarkably hydrophilic. Single
water molecule O3W and water tetramer are alternately
entrapped in the helical channels (Fig. 1(c), (f)). It is interesting
to note that both helical alignments of Bpybc molecules and
water molecules are only stabilized by hydrogen bonds between
them, with all carboxylate oxygen atoms as acceptors and water
molecules as donors. Therefore, the mutual recognition between
the organic and water molecules through hydrogen bonds is
responsible for the formation of the helix. The structural
analysis indicates that methylene C8 atom (with H6) forms a
hydrogen bond with O1W from the neighboring helix, in which
the C8  O1W distance and C–H  O1W angle are 3.532 Å and
148.881, respectively.11 Adjacent helices are linked via such
C–H  O hydrogen bonds and hence the chiral information
will be transmitted along the [100], [010] and [110] directions,
respectively, resulting in the formation of homochiral crystals
(Fig. 2). Therefore, interhelical C–H  O hydrogen bonds play
a vital role in chirality transfer within the crystal. In fact, this
water-assisted non-covalent force not only contributes to the
propagation of helical organization, but also furnishes an origin
to chirality in the present system since the prochiral methylene
carbon atom can be converted into chiral center by attaching
one water molecule to an enantiotopic hydrogen atom of the
methylene group through this C–H  O interaction (Fig. S3,
ESIw). The adoption of a chiral space group by the compound
prompts an investigation of the optical activity with SHG
(second harmonic generation) response about 2.1 times that
of KDP (potassium dihydrogen phosphate).
Upon conglomerate crystallization both types of enantio-
morphic crystals should be formed in a single batch. In order
to further evaluate the spontaneous resolution process, single
crystals of sufficient size and quantity in the same crystalliza-
tion are chosen to determine the solid-state CD spectra in a KCl
matrix. As seen in Fig. 3, the crystals give the expected CD
spectra which are mirror images of each other, revealing the
formation of either M or P enantiomer in single crystals. A
crystal with M helicates, whose structure is solved in the space
group P3221, exhibits a positive CD signal. Interestingly, based
on the CD measurement of 30 single crystals chosen from one
crystallization randomly, the result with 21 positive and 9
negative CD signals (Fig. S5, ESIw) suggests that the enantio-
meric excess (ee) is 40%. Another strong support for an ee arises
from the CD measurements of 12 batches of powdered bulk
samples (Fig. S6, ESIw). All of them show a significant CD
signal (10 positive and 2 negative). Such results undoubtedly
confirm spontaneous chiral symmetry breaking in crystalliza-
tion. The usual explanation for chiral symmetry breaking is
secondary nucleation by which a randomly generated single
mother crystal clones a large number of secondary crystals that
are enantiomerically identical to itself. In this case, the handed-
ness preference is random, each enantiomer can dominate with
Fig. 1 Crystal structure of Bpybc5H2O for (a) twisted Bpybc with C2
symmetry; (b) hydrogen bonds between carboxylate groups of Bpybc
and water molecules (including water tetramer and single water
molecule O3W); (c) view of the left-handed hydrated helix running
along the crystallographic c axis, water oxygen atoms are shown in
space-filling mode; (d) view down the c axis showing a central
projection of the helical alignment of Bpybc with all the carboxylate
groups pointing towards the inner wall of the channel; (e) view of the
helical alignment of Bpybc molecules running along the c axis; (f) the
helical arrangement of water O3W and water tetramers running along
the c axis. Hydrogen bonds are shown as dotted lines. An imaginary 32
helix (colored green) runs through the pink dummy atoms which are
inserted between C13 and C13#A.
Fig. 2 (a) Chirality transfer along the [100] direction through
methylene C–H  O hydrogen bonds between adjacent helices; (b)
chirality transfer along the [100], [010] and [110] directions. C–H  O
hydrogen bonds are shown as white dotted lines.
Fig. 3 Solid-state circular dichroism spectra of Bpybc5H2O.
































































equal probability in different solutions. However, the present
result with 10 positive and 2 negative signals for powdered bulk
samples shows a nonstochastic distribution of handedness. This
may be due to the sporadic presence of chiral crypto-impurities
that may either favor the formation of one enantiomeric crystal
or disfavor the growth of the other one by selective surface
adsorption.12 The mechanism that a cryptochiral environment
induces selective chiral symmetry breaking was first proposed by
Viedma to explain the directed asymmetric amplification for
sodium chlorate and sodium bromate.8a,12b
Viologen derivatives may undergo one-electron reduction
upon using strong reducing agents, or light irradiation in the
presence of electron donors, to produce free radicals, accom-
panied by a blue coloration.9 Bpybc5H2O is photosensitive
and turns blue upon irradiation by a 500 W Xe lamp or
sunlight within several minutes under air. The structural
analysis suggests that the adjacent carboxylate oxygen atom
is approximately perpendicular to the nitrogen atom of each
pyridinium ring with the O2–N1–C13 angle of 103.001 and the
O  N distance of 3.38 Å, and two central pyridinium rings are
nearly coplanar with an interplanar angle of 7.421. Such
geometry and distance is favorable to the interaction between
the donor unit and the bipyridinium acceptor,9f thus an
electron transfer from the carboxylate group to bipyridinium
core can be expected. Most viologen derivatives exist as
dication salts, the photochromism of neutral zwitterionic
viologen is rarely exploited. Until now, only the photochromic
behavior and crystal structure of a zwitterionic viologen
bearing sulfonate groups have been reported,9d,e in which the
sulfonate oxygen atom lies almost perpendicularly above
(or below) the nitrogen atom of the pyridinium ring with the
O–N–C angle of 94.471 and the O  N distance of 2.97 Å.9e
Different from some observations that viologen cations only
show weak sensitivity to methanol or ethanol under irradia-
tion,9b,c the solid Bpybc5H2O is quite sensitive to them. Even
in a dark room and under air, blue coloration is readily
observed when Bpybc5H2O is exposed to methanol or ethanol
vapor. The diffuse reflectance spectra of Bpybc5H2O obtained
upon exposure to methanol show a characteristic absorption
band centered at 618 nm (Fig. 4). This spectral feature
resembles those of viologen radicals observed in crystalline
samples or polymer matrices,9 suggesting that the color change
arises from the reduction of colorless zwitterionic Bpybc to
blue [Bpybc] radicals. Upon removal of alcohol vapor, the
fading occurs in air and under dark conditions, which is a
typical behavior of viologen radical resulting from oxidation
by molecular O2 in the absence of effective electron donors or
photoexcitation.9 The discolored compound undergoes a color
change to blue again upon exposure to alcohol vapor. This
cycling and color change may enable Bpybc5H2O to serve as a
visual indicator of alcohol molecules.
In summary, an interesting supramolecular helix assisted by
water molecules is obtained. Two types of hydrogen bonding
interactions Oaqua–H  O and methylene C–H  Oaqua, are
responsible for the formation of helix and intracrystal chirality
preservation, respectively. Notably, spontaneous chiral sym-
metry breaking occurs in each crystallization and the resulting
enantiomeric excess of bulk samples are further confirmed by
the solid-state CD spectra.
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